1. The effect of conjugated and unconjugated bile acids in various concentrations on the absorption of water, sodium and chloride in the proximal jejunum in man has been studied using a perfusion system incorporating a proximal occluding balloon.
ugated bile acids inhibit the absorption of water in the rat jejunum. Permeability changes in the isolated rat intestine induced by bile acids have also been reported by Feldman & Gibaldi (1969) . It has recently been reported that dihydroxy bile acids inhibit water absorption and may cause secretion into the jejunum of hamsters (Teem & Phillips, 1972) .
The human jejunum is normally exposed to high concentrations of conjugated bile acids, and in conditions in which bacterial overgrowth occurs, unconjugated bile acids may predominate (Tabaqchali, Hatzioannou & Booth, 1968) . The aim of the present investigation was to study the effect of conjugated and unconjugated bile acids on the absorption of water and electrolytes in the normal human jejunum.
MATERIALS A N D METHODS

Technique and experimental procedure
A five-lumen tube, incorporating a triple-lumen segmental perfusion system, was used in the study. Each tube was constructed from lengths of polyvinyl single-lumen tubing, of which one was radio-opaque. Each tube had an internal diameter of 1.0 mm, and was supplied by Portex Limited, Hythe, Kent (R/Z SH85 and NT3 SH 80). A radio-opaque marker system was incorporated so that the infusion point could be accurately localized radiologically. The mixing segment length was 15 cm and the test-segment length 30 cm. An occluding balloon was attached to the tube immediately proximal to the infusion point to prevent endogenous bile secretions affecting the concentration of bile acids in the perfusate. The balloon could be easily and rapidly inflated and deflated. Initial studies using markers tested the efficacy of the balloons in preventing contamination of the small intestine distal to the balloon. The system used also provided information on the effect of balloon inflation on the absorption of water and electrolytes using a triple-lumen tube system. There was found to be no significant difference in the absorption of water and electrolytes before and after balloon inflation, after time had been allowed for adequate equilibration. Proximal to the balloon there was an additional tube from which any fluid collecting above the inflated balloon could be continuously aspirated during the studies. Initial studies confirmed the efficacy of balloon occlusion; in all subjects in which the results are reported no significant leakage of the test solution occurred past the balloon.
Subjects fasted overnight, and in the morning the perfusion tube was passed by mouth. The tube position was checked radiologically and perfusion started when the infusion point was sited immediately distal to the duodeno-jejunal flexure. The perfusate was passed through a water bath at a constant temperature of 37°C and introduced into the jejunum at a constant flow rate of 20 ml/min. Samples were collected at a rate of approximately 2 ml/min. Infusion and collection was performed using two Watson-Marlow constant flow-inducer pumps (Watson-Marlow Limited, Falmouth, Cornwall), one of which was fitted with a ten-channel Delta pump attachment.
An equilibration period of 45-60 min was allowed in each study after the infusion was started, so that a steady-state could be established. In each study the absorption from isoosmotic glucose-saline alone was established before bile acid solutions were introduced. The absorption of water, sodium and chloride from glucose-saline was determined in a number of studies with the balloon deflated then inflated. In each study, two or sometimes three different bile acid solutions were used following glucose-saline. When the solutions were changed a similar equilibration period was allowed so that a new steady-state system could be established. Two or three 10-min collections were made for each solution but the collections were started only when an adequate time had been allowed for equilibration. Thus, in each patient, a direct comparison could be made between the water and electrolyte absorption from glucosesaline and that from the bile acid solutions used in that study, and thus each patient acted as his own control. In most of the studies, glucose-saline was again perfused at a later stage, to determine the duration of bile acid effect on absorption.
Composition of perfusing solutions
The perfusing solutions consisted of solutions of glucose and saline or glucose, saline and bile acids, all of which were iso-osmotic (300 mosmol/l). Glucose was present in a concentration of 56 mM. The basic solution in each study consisted of an iso-osmotic glucose-saline mixture, and adjustments were made to produce test solutions containing bile acids. The osmolality of all bile acid-containing solutions was checked by the method of freezing-point depression (Advanced Instruments, Fisons Ltd). Solutions were discarded if they were found not to be iso-osmotic.
The bile acids used in the perfusing solutions consisted of the conjugated and unconjugated forms of the trihydroxy bile acid cholic acid, and the dihydroxy bile acids deoxycholic and chenodeoxycholic acid. The bile acids were of high purity (initially confirmed by chromatography) and were obtained from Steraloids Ltd, London and Sigma Chemical Co. Ltd, London. The concentration of bile acids present in the perfusing solutions were as follows: 3 mM, 5 m~, 7 mM and 10 mM. The pH of these solutions was approximately 8, and did not change significantly during the perfusion as judged by the pH values of the fluid collected in the studies.
Phenolsulphonphthalein (PSP) in a concentration of 5 g/1 (Schedl, 1966) and ethylenediamine tetra-acetate (EDTA) labelled with 51Cr (Russell, Misiewicz, Smith & Wiggins, 1970) , were used as water-soluble, non-absorbable markers.
Subjects studied
Jejunal perfusion using bile acid solutions was performed on thirty-five normal healthy subjects. All subjects volunteered for the study after full explanation of its nature. The project was approved by Glasgow Royal Infirmary Ethical Committee.
Analytical methods
The concentration of sodium was measured in the perfusates and in collections by emission flame photometry using the IL 143 digital flame photometer. Chloride concentration was estimated by the colorimetric method of Technicon, modified by Skeggs (Zall, Fisher & Garner, 1956 ). Samples were analysed for PSP by spectrophotometry at 580 nm in alkaline solution (Phillips & Summerskill, 1966) , and for "Cr radioactivity by counting with an automatic gamma-counting system using the pulse-height analyser set to cover the energy range 300-360 keV. Absorption of water, sodium and chloride in each collection period was calculated using both water-soluble markers.
Statistical methods
were compared in each case by means of Student's paired t-test.
The mean absorption of water and electrolytes from glucose-saline and bile acid solutions
RESULTS
The effect of cholic acid in concentrations of 3 mM, 5 mM, 7 mM and 10 mM on the absorption of water is shown in Table 1 . From these results, it is seen that unconjugated cholic acid, even at a concentration of 10 mM, had no apparent effect on net water movements in the small intestine (P> 0.05). Glycocholic acid and taurocholic acid, also at high concentrations, did not significantly influence net water movement in the small intestine (P>0*05). The effect of cholic acid (5 mM and 10 mM) on water absorption is shown in more detail in Fig. 1 . Unconjugated deoxycholic acid in all the concentrations tested caused statistically significant inhibition of water absorption (Table 2) . Net secretion of water and electrolytes occurred with deoxycholic acid in concentrations of 5 mM, 7 mM and 10 mM. Higher concentrations of deoxycholic acid appeared to exert the greatest effect. The effect of deoxycholic acid (5 and 10 mM) on water absorption is shown in more detail in Fig. 1 . Taurodeoxycholic acid had a similar effect on water absorption from the jejunum. Net secretion occurred in one patient perfused with 3 mM-taurodeoxycholic acid, and a statistically significant decrease in water absorption occurred in all patients in this group. Net secretion occurred in all patientsperfused with taurodeoxycholic acid in concentrations of 5 mM, 7 mM and 10 mM. Similar results were obtained on perfusing glycodeoxycholic acid in concentrations of 5 mM and 7 mM in four subjects.
Statistically significant inhibition of absorption of water and net secretion in all concentrations was found on perfusing unconjugated chenodeoxycholic acid into the jejunum ( Table 3) . Inhibition of absorption occurred with 3 mM solutions of taurochenodeoxycholic acid and net secretion with 10 mM solutions. -44f 8
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The effect of the conjugated and unconjugated trihydroxy bile acid cholic acid on the net electrolyte movement is shown in Table 4 . No statistically significant inhibition of sodium and chloride absorption was found at any of the concentrations tested. The conjugated and unconjugated forms of the dihydroxy bile acids deoxycholic acid and chenodeoxycholic acid did cause a statistically significant inhibition of sodium and chloride absorption at all concentrations, and net secretion was also seen ( Table 5) . In all the studies in which glucose-saline was again perfused at a later stage, the absorption of water and electrolytes returned to normal very rapidly. The results obtained in one such study using 7 mM-deoxycholic acid are shown in Fig. 2 .
DISCUSSION
The results of the present study indicate that the dihydroxy bile acids deoxycholic acid and chenodeoxycholic acid inhibit water, sodium and chloride absorption in the proximal jejunum. They also cause net secretion of water and electrolytes, especially when present in high concentration. These changes occur whether or not the dihydroxy bile acids are present in the free or conjugated forms. In the concentrations studied, the trihydroxy bile acid cholic acid, whether free or conjugated, seems to have no effect on absorption from the jejunum. The effect of free or conjugated dihydroxy bile acids on small-intestinal absorptive function is similar to that demonstrated in the colon by Mekhjian et al. (1971) . Although generally supporting the observations made on hamsters by Teem & Phillips (1972) , these authors found that conjugates of chenodeoxycholic acid did not inhibit absorption. Harries & Sladen (1972) found that conjugates of dihydroxy bile acids did not significantly inhibit absorption in rats, but Wingate, Phillips & Hofmann (1972) found that dihydroxy bile acids, whether conjugated with glycine or unconjugated, inhibited intestinal absorption in man. Our observations indicate that the conjugates of chenodeoxycholic acid do inhibit absorption and may also cause secretion into the jejunum in man.
Small-intestinal perfusion techniques using non-absorbable water-soluble markers were first used by Schedl & Clifton (1963) based on the long-intestinal tube system described by Borgstrom, Dahlquist, Lundh & Sjovall(l957) . The technique of intestinal perfusion measures net flux across the mucosa and thus a negative value for absorption indicates net entry into the lumen of the small intestine. The triple-lumen tube system, incorporating a mixing segment, has been studied and validated by Fordtran (1966 ), Cooper, Levitan, Fordtran & Ingelfinger (1966 and Whalen, Harris, Greenan & Soergel (1966) . No information is available from these studies on the mechanism of action of dihydroxy bile acids in causing inhibition of absorption and secretion in higher concentration. Unconjugated dihydroxy bile acids have been shown to cause morphological damage to the jejunal mucosa of hamsters in vivo (Low-Beer, Schneider & Dobbins, 1970; Teem & Phillips, 1972 ). This has not been shown with conjugated dihydroxy bile acids. In our study, no histological information is available as we did not consider that repeated jejunal biopsies were justifiable in addition to perfusion in our normal volunteer subjects. The rapid reversibility of the inhibition of absorption which we found suggests, however, that no prolonged damage had occurred to the jejunal mucosa. There is also no information from the present study concerning the absorption of bile acids during perfusion. Unconjugated bile acids are partly absorbed passively in the jejunum and partly actively in the ileum; conjugated bile acids are absorbed actively principally in the distal small intestine, especially in the terminal ileum (Hislop, Hofmann & Schoenfield, 1967; Small & Dietschy, 1968) . As the inhibiting effect of dihydroxy bile acids occurred whether they were in the free or conjugated forms, it is unlikely that any absorption of unconjugated bile acids affecting the jejunal mucosa was responsible for the inhibiting effect. In addition there was no reason why deconjugation of the conjugated bile acids may have occurred during the perfusion. On two occasions there was no deconjugation of bile acids during the perfusion as checked by chromatography.
Sodium is considered to be absorbed by means of an active pump mechanism acting against small electrochemical gradients, and gaining its energy from the hydrolysis of adenosine triphosphate (ATP). For this process a membrane-bound sodium adenosine triphosphatase (ATPase) is necessary (Katz & Epstein, 1968; Parsons, 1971) . The movement of chloride is also probably related to that of sodium, although there is some evidence that chloride absorption occurs at a different rate from sodium absorption (Parsons, 1968) . The absorption of sodium and chloride in this way establish an osmotic gradient along which water passes (Parsons, 1971) . Bile acid anions are surface-active molecules, this being more marked in dihydroxy than trihydroxy bile acids (Dreher, Schulman & Hofmann, 1967) . Active sodium absorption may be impaired by the inhibition of sodium ATPase activity by dihydroxy bile acids. Alteration of sodium and potassium ATPase sites by deoxycholate has recently been shown in animals (Rotgaard & Moller, 1971) , and a similar effect may occur in man although this has not yet been demonstrated.
Unconjugated dihydroxy bile acids have also been shown to have effects on amino acid transport (Pope, Parkinson & Olsen, 1966) ; they may also affect the re-esterification of fatty acids (Dawson & Isselbacher, 1960; Clark, Lanz & Senior, 1969) and the transport of glucose (Clark et al., 1969) . In these studies, however, which were all performed on animals, irreversible changes occurred in the jejunal mucosa.
The relevance of the findings of the present study to pathological conditions in man is not clear. Large amounts of unconjugated bile acids are found in some conditions characterized by bacterial overgrowth, such as the blind-loop syndrome. Tabaqchali et al. (1968) found that the concentration of conjugated bile salts in the small intestinal lumen had fallen below the required level of 5-10 mM/l necessary for adequate micelle formation. In these conditions, diarrhoea may be a prominent feature. We have shown in this study, however, that conjugated dihydroxy bile acids also inhibit intestinal absorption, and these are normally present in the jejunum in high concentrations, Dehydroxylation of bile acids may follow deconjugation, however, and thus the total intraluminal concentration of dihydroxy bile acids may be considerably increased in states of bacterial overgrowth, as was shown in the blind-loop syndrome by Tabaqchali et al. (1968) . This may contribute to the diarrhoea experienced by these patients, although some degree of reabsorption of water and electrolytes is likely to occur in the lower small intestine and colon and here the concentration of dihydroxy bile acids may fall to lower levels.
To a certain extent the present study represents an artificial situation, as isolated bile acid solutions that were used do not occur physiologically. In the normal small intestine the micellar solutions, which normally occur with the bile acids and the products of lipid digestion, or mixed bile solutions, may not necessarily have the same effect. Thus the jejunal mucosa may be protected from the effect of dihydroxy bile acids by the normal physiological processes of digestion.
